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Abstract 

We calculate the fermionic dispersion relations in the minimal standard 
model at finite temperature in presence of non-vanishing chemical potentials 
due to the CP-asymmetric fermionic background. The dispersion relations 
are calculated for a vacuum expectation value of the Higgs field equal to zero 
(unbroken electroweak symmetry) . The calculation is performed in the real time 
formalism of the thermal field theory at one-loop order in a general £ gauge. 
The fermionic self-energy is calculated at leading order in temperature and 
chemical potential and this fact permits us to obtain gauge invariant analytical 
expressions for the dispersion relations. 
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1 Introduction 

Interest in the knowledge of propagation properties of relativistic fermions in plas- 
mas at finite temperature has increased during the last years. It is well known that 
the interaction of a fermion with a plasma in thermal equilibrium at temperature T 
modifies the Fermionic Dispersion Relations (FDR) with respect to the zero tempera- 
ture situation. This phenomenon has been extensively investigated for the non-dense 



plasma case [|]]-[12|, i.e. when chemical potential (/if) associated to the fermions of 
the thermal plasma is equal to zero: fif = and T / 0. In this case, the FDR 
have been studied both for massless fermions in IJ-fiJ and for massive fermions in 



]5(|-[p.2[j and they only are gauge invariant if the leading temperature terms of the 
one-loop self-energy are taken |H| [L4|, [15], |TTJ. The FDR describe the propagation of 
the fermionic excitations of the plasma (quasi-fermions and quasi-holes) through the 
thermal background. These excitations are originated in the collective behaviour of 
the plasma system at low momentum. The thermal interaction of a fermion with the 
plasma is reflected in the existence of effective masses for quasi-fermions {Mf) and 
for quasi-holes (Mh). For massless fermions, it is known that Mf = Mh, whereas for 
massive fermions it is observed that Mf ^ Mh [||, |TT|]. For the non-density case, the 
effective masses are called thermal effective masses due to M^ h ~ gT, being g the 
interaction coupling constant. 

On the other hand, dispersion relations describing the propagation of the fermionic 



excitations of a dense plasma at finite temperature can be found in the literature |16 



| 28fl . For the dense plasma case at finite temperature, i.e. /!/ 7^ and T^O, the FDR 



have been calculated both for massless fermions in |T|, [17], [18| and for massive fermions 



in [|T6|]-||2(J. In particular, neutrinos traversing a dense medium have been a subject 
of great interest |H]-|^|. As it is expected, the interaction of a massless fermion with 
the dense plasma modifies the FDR with respect to the non-dense plasma case. The 
effective mass of the quasi-particles (M E ) now satisfies M E ~ gT and M E ~ g\if, 
being this the source of the difference between the FDR in both cases. 

The one-loop fermionic dispersion relations at finite temperature and vanishing 
chemical potential in the Minimal Standard Model(MSM) were presented in detail in 



TT| . In that work, gauge invariant analytical expressions for the FDR were obtained in 
the case when the vacuum expectation value of the Higgs field equal to zero (unbroken 
electroweak phase). 

In this paper, working too in the MSM before the electroweak spontaneous sim- 
metry breaking, we consider the propagation of the fermionic excitations of a dense 
plasma at finite temperature. The dense plasma is characterized by non-vanishing 
chemical potentials associated to the different quark and lepton flavours. The chem- 
ical potentials due to the CP-asymmetric dense plasma, which is generated by the 
CP- violation of the electroweak interaction through the Cabbibo-Kobayashi-Maskawa 



(CKM) [f^J matrix. The observed CP-violation in the decay of neutral kaons ||3(J 
and more recently the tentative evidence for CP violation in the decays of neutral 
B mesons observed in the CDF experiment at Fermilab, it permits us to think that 



the CP symmetry is an approximate symmetry for the electroweak interaction [pi 
The main goal of this paper is to calculate the FDR at finite temperature and non- 
vanishing chemical potentials for the different fermion sectors of the MSM. The calcu- 
lation is performed in the unbroken electroweak phase at one-loop order in a general 
£ gauge. We carried out the calculation in the real time formalism of the thermal 
field theory ^2[-Q. We will prove that FDR are only gauge independent at leading 



order in temperature and chemical potential. 

In section 2, working in the framework of a non-abelian gauge theory where par- 
ticles are massless, we calculate the FDR at finite temperature and non-vanishing 
chemical potential. The calculation is performed at one-loop order, initially in the 
Feynman gauge. We obtain generic expressions for the Lorentz invariant functions 
that can be used in particular cases. The analytic expressions for the FDR are calcu- 
lated at leading order in temperature and chemical potential. In section 3, using the 
results obtained in section 2, we calculate the FDR for the different fermion sectors 
of the MSM case. We consider that the thermal dense plasma is characterized by 
Ufa 7^ 0, where fi represents the different fermion flavours of the MSM. In section 
4, we calculate the Lorentz-invariant functions in a general £ gauge (being the Feyn- 
man gauge, the case when £ = 0). We will prove that the leading terms are gauge 
independent and this justifies why in section 2, we only take these terms to calculate 
the Lorentz-invariant functions. Finally, our conclusions are summarized in the last 
section. 



2 FDR in a non-abelian gauge theory 

In this section, we calculate the FDR in the framework of a non-abelian gauge 
theory where fermions, gauge bosons and scalars are massless. The calculation is per- 
formed in the real time formalism of the thermal field theory in the Feynman gauge. 
The real part of the fermionic self-energy is evaluated at one-loop order, considering 
only their finite temperature and chemical potential leading contributions. We con- 
sider that massless fermions propagate through a dense plasma at finite temperature. 
This thermal plasma is characterized by fif. ^ 0, where f\ represents the different 
fermion species of the theory. In this section, we will take fi^ = /i/ 2 = . . . = \Xf. 

At finite temperature and density, the Feynman rules for vertices are the same as 
those at T = and /// = 0, while the propagators in the Feynman gauge for massless 



gauge bosons D^ u (p), massless scalars Dip) and massless fermions S(p) are [[35 
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where p is the particle four-momentum and the plasma temperature T is introduced 
through the functions T b (p) and Tf(p), which are given by 



T b (p) = 2n5(p 2 )n b (p), 
r f (p) = 27r5(p 2 )n f (p), 



with 



n b (p) 
n f (p) 



e (p-u)/T _ l ' 

9(p ■ u)nj(p) + 9(—p ■ u)n~f(p), 
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being n b (p) the Bose-Einstein distribution function. The Fermi-Dirac ditribution 
functions for fermions nj(p) and for anti- fermions nt(p) are: 



nj(p) 



1 



,(p-uq=/i/)/T _^ I 



(2.8) 



In the distribution functions (|2.6|) and ([L7\), u a is the four- velocity of the center- mass 
frame of the dense plasma, with u a u a = 1. For a non-abelian gauge theory with parity 
and chirality conservation, the real part of the self-energy for a massless fermion is 
written as: 

ReE'CK") = -a$-bi, (2. 9) 

being a and h the Lorentz-invariant functions and K a the fermion momentum. These 
functions depend on the Lorentz scalars u and k defined by uj = (K ■ u) and 
k = [{K ■ u) 2 — K 2 ] 1 / 2 . Taking by convenience u a = (1, 0, 0, 0), we have K 2 = w 2 — k 2 
and then, w and k can be interpreted as the energy and three-momentum, respectively. 
Beginning with (|2.9|), it is possible to write: 



a(w,k) = -r, -\Tr(KReE')-wTr{iReE')] 
4k 2 



b(w,k) = — 2 



[w 



k 2 )Tr{i Re E') - wTr(fiRe E') 



(2. 10) 
(2. 11) 



The full fermion propagator including only the mass correction is given by 

1 (1 + a)$+ hi 



S ^ fi-ReE>(K) {l + a) 2 K 2 + 2{l + a)bK-u + b 2 
and the propagator poles can be found when: 

(1 + a) 2 K 2 + 26(1 + a){K ■ u) + b 2 = 0. 
If Eq.( [2.13| ) is writting in terms of w and k, then: 

[[1 + a(w, k)]w + b(w, k)f = [[1 + a(w, k)]k} 2 , 



(2. 12) 



(2. 13) 



(2. 14) 



and the FDR can be obtained from Eq. ([2.14|) . To solve this equation, first it is 
required to calculate a(w, k) and b(w, k). These functions can be calculated from the 
relations (|2.10|) and ( |2.11| ) in terms of the real part of the fermionic self-energy The 
one-loop diagrams that contribute to the fermionic self-energy are shown in Fig.(l). 
The contribution to the fermionic self-energy from the gauge boson diagram shown 
in Fig. (la) is given by 



E(K) = tg 2 C(R) J P-DM-fSb + K)f 



(27T) 



(2. 15) 



where g is the interaction coupling constant and C(R) is the quadratic Casimir in- 
variant of the re-presentation defined by (L A L A ) mn = C(R)5 mn . 

Substituting Q2.1| ) and ( |2.3| ) into ( |2.15| ), the fermionic self-energy can be written 
as %j(K) = S(0) + Ti'(K), where S(0) is the zero-temperature and zero-density con- 
tribution and H'{K) is the finite-temperature and chemical potential contribution. It 
is easy to see that: 
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Keeping only the real part (ReE'(ZT)) of the temperature and chemical potential 
contribution, we obtain: 



Re E'(K) = 2g 2 C(R) J4^[^ + m(p) + ^f(p)} 
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(27T) 
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(2. 18) 



If we multiply (|2.18|) by either ^f or ^, take the trace, perform the integrations over 
Po and the two angular variables, we obtain the following integrals over the modulus 
of the three- momentum p = \p\ : 
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with the logarithmic functions given by 

w 2 — k 2 + 2wp + 2kp 
w 2 — k 2 + 2wp — 2kp 



L 2 (p) = Log 
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(2. 20) 
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where w± — (w ± k)/2. These expressions agree with |19| and for /i = are identical 
to those derived by Weldon ||. The Lorentz- invariant functions in the Feynman 
gauge a°(w, k) and b°(w,k) are obtained substituting ( |2.19| ) and ( |2.20| ) into ( |2.iq ) 
and ( p. 11] ). Following the notation given in |TT|| , by convenience these functions are 

written as: 



a°(w,k) =g 2 C{R)A°{w,k,fi f ), 
b°{w,k) =g 2 C{R)B°{w,k,v f ), 

where the expressions A°(w, k, /i/) and B°(w, k,Hf) are: 
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(2. 25) 

It is possible to write the last expressions as: 

A°(u,k,fi f ) = A{u,k,fi f ) + A non - lead {uj,k,fi f ), (2.26) 

B°(u,k,fif) = B(u,k,^ f ) + B non - lead (uj,k,n f ), (2.27) 

where A(u,k,fj,f) and B(u,k,fj,f) are the leading terms, and A non ~ lead (u,k, fif) and 
B non ~ lead '[u , A;, /!/) are the non-leading terms in temperature and chemical potential of 
the integrals (|2.24| ) and ( |2.25| ), respectively. As we are interested in obtaining gauge 
invariant FDR, then we only keep the leading terms A(u,k,fif) and B(u,k,p,f) of 
the integrals A (w, k, fif) and B (w, k, fif). The reason of this fact, it will be explain 
in section 4. The integrals A(u>,k,fif) and B(u,k,fif) are: 
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With the notation given by ( |2.22| ) and ( [2. 23] ), the Lorentz- invariant functions at 
leading order in temperature and chemical potential a lead (w, k) and b lead (w, k) can be 
written as: 

a lead {w, k) = g 2 C{R)A{w, k, fi f ), (2. 30) 

b lead (w, k) = g 2 C{R)B{w, k, fif). (2. 31) 



Evaluating the integrals (|2.28|) and (|2.29| ), we obtain that a lead (w,k) and b lead (w,k) 
are given by: 
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where M E is: 



Mi 



9 2 C(R) 
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Substituting (|2.32|) and ( |2.33| ) in fl2.14|) , for the limit k « M E , we obtain two 
solutions: one describing propagation of quasi-fermions 

k 2 



W ^ = ME+k 3 + 3M E 



+ 0(k J 



and other describing propagation of quasi-holes 
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+ 0{k 3 



(2. 35) 
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3 ' 3M E 

We observe that if k — 0, w(k) = M E . Then M E can be interpreted as the effective 
mass of the quasi-fermions and quasi-holes. The value of M E given by fl2.34j ) is in 
agreement with [[R], [T7|, |I1J. For the limitfc >> M E , the FDR describing propagation 



of quasi-particles and quasi-holesare: 
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(2. 37) 
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respectively, and for very high momentum the relations ( 2.37|) and ( 2.38 ) become the 
ordinary dispersion relation for a massless fermion propagating in the vacuum, i.e. 
w{k) = k. We emphasize that the FDR given by ( |2.35| )-( |2T38| ) are gauge independent, 



as it will be shown in section 4. We note that the contribution to the real part of the 
fermionic self-energy from the generic scalar boson diagram shown in Fig. (16) has the 
same form as the gauge boson contribution (|2.18|) . The factor 2g 2 C(R) is replaced 
by 1 2 Cl,Ri where I is the Yukawa coupling constant and Cl,r is given in terms of the 
Clebsch-Gordan coefficients. 



It is very easy to demostrate that fif = J °° dp nj (p) — n^ (p) . This result leads 
to the chemical potential value is associated with the difference between the number 
of fermions over anti-fermions. The later means that if a thermal dense plasma is 
characterized by /i/ > 0, then exist an excess of fermions over anti-fermions in the 
plasma. By this reason, the results obtained in this section can be interesting for 
baryogenesis. 



3 FDR in the MSM: electroweak unbroken phase 

In this section, using the results obtained in section 2, we calculate the FDR for 
the different fermion sectors of the MSM in the unbroken electroweak phase. The 



calculation is performed for a dense plasma characterized by non-vanishing chemical 
potentials. We consider for quarks \x u 7^ fid 7^ He 7^ ■■■ 7^ 0, for charged leptons 
A*e 7^ /V 7^ Mr 7^ and for neutrinos \i Ve 7^ //„ 7^ \x Vt 7^ 0. For a non-abelian gauge 
theory with parity violation and quirality conservation, the real part of the self-energy 
for a massless fermion is: 

Re E'(K) = -fi(a L L + a R R) - i{b L L + b R R), (3. 1) 

where L = |(1— 75) and R = Kl+75) are the left- and right-handed chiral projectors, 
respectively. The functions a^, a R , b L and b R are the chiral projections of the Lorentz- 
invariant functions a, b and they are defined in the following way: 

a = a L L + a R R, (3. 2) 

b = b L L + b R R. (3. 3) 

The inverse fermion propagator is given by 

S- 1 {K)=fiL + $R (3.4) 

where: 

£" = (1 + a L )K» + b L u» (3. 5) 

98" = (1 + a R )K» + & flM " (3. 6) 



The fermion propagator follows from the inversion of ( p~4| 
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(C 2 f) L + (U 2 f) R] , (3. 7) 



being D(u, k) = £ 2 3? 2 . The poles of the propagator correspond to values w and k for 
which the determinat D in (|3. 7|) vanishes: 

£ 2 K 2 = 0. (3. 8) 



In the rest frame of the dense plasma u = (1,0), Eq. fl3.8|) leads to the FDR for 
a chirally invariant gauge theory with parity violation, as is the case of the MSM 
before the electroweak spontaneous simmetry breaking. Thus, the FDR for this case 
are given by 

[w(l + a L ) + b L f -k 2 [l + a L f = 0, (3. 9) 

[w(l + o H ) + b R f -k 2 [l + a R } 2 = 0. (3. 10) 

Left- and right-handed components of the FDR obey decoupled relations. The Lorentz 
invariant functions a and b are calculated from the relations ( |2.10| ) and ( 2 . 11|) through 
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the real part of the fermionic self-energy. This self-energy is obtained additioning 
all the posibles gauge boson and scalar boson contributions admited by the MSM 
Feynman rules. The diagrams with an exchange of charge Goldstone bosons or W 
gauge bosons induce a flavour change in the incoming fermion / to a different outgoing 
fermion F. 

For the quark sector, in the case of the flavour change contributions mentioned, 
the flavour i of the internal quark (inside the loop) runs over the up or down quarks 
flavours according to the type of the external quark (outside the loop). Since each 
contribution to the quark self-energy is proportional to the generic gauge boson con- 
tribution ( |2.18| ), then the functions Ol, clr, bi and 6r are given by 



a L (u,k) IF = ltt 9 + f z L X s + f?]A(w,k,vi)6 IF + J2f? x A(w,k,Vi), (3. 11) 
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(3. 13) 

(3. 14) 

(3. 15) 

(3. 16) 

(3. 17) 

(3. 18) 



where K represents the CKM matrix, g s is the strong coupling constant, g is the 
weak coupling constant, Qi is the electric charge of the incoming quark and s w (cj) 
is the sine (cosine) of the electroweak mixing angle 6 W . The functions A(w, k, /if) and 
B(w, k, [if) are given by 

\ in in -1- h 
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and they have been obtained through the evaluation of the integrals ( |2.28| ) and ( |2.29| ), 
which are the non-leading terms in temperature and chemical potential of the inte- 
grals fl2.24p and ( |2.25| ), respectively. The chiral projections of the Lorentz-invariant 
functions are: 
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Substituting (EOID -flJES^) into (PJ), and (|3~2l)- (|3~2l) into (|3~T0|) , for the limit 
fe << Mg L K , we obtain two solutions describing propagation of quasi- fermions: 






(3. 30) 
(3. 31) 
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and two solutions describing propagation of quasi-holes: 
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The FDR for the lepton sector are similar to the relations (|3.30| ) - (|3.33| ), even 



though the effective masses changing. For this sector, g s = 0, Qi 



■1, n 



■1/2, 



and non-exist mixing between the charge lepton flavours. Then, for the charge lepton 
sector, the coefficients /, c, r and d in (|3.34|) and ( [3.351 ) are: 
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g 2 m 2 j 
4m?„ 



m i 
2m 2 w 



+ 1 



r 

d 



9 2 sl + t$L + ^" 



<■- 



Ami 



0. 



(3. 36) 

(3. 37) 

(3. 38) 

(3. 39) 



For the neutrino sector g s = 0, Qi = 0, T 3 = 1/2, and non-exist mixing between 
the neutrino flavours. Aditionally, because the parity violation of the electroweak 
interaction, the coefficients r and d vanishing. The coefficients / and c are given by 



1 



4c?„ 






2 m 2 , 



(3. 40) 
(3. 41) 



4 Real part of the self-energy in the £ gauge 

The gauge invariance of the FDR presented in sections 2 and 3 is studied in this 
section. The analytical expresions obtained in ( |2.35| )- fl2T38"D were calculated keeping 
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only the leading contributions of the integrals ( |2.24| ) and ( |2.25| ). In this section, 
we calculate the real part of the one-loop self-energy (|2.15|) in a general £ gauge. 
Making this calculation, we can conclude that the Lorentz-invariant functions ( |2.32| ) 
and (|2.33|) allowed to obtain the gauge invariant FDR given by ( |2.35| ) and (|2.38|) . We 
note that the functions ( |2.32|) and (|2.33|) are ~ T 2 and ~ /i 2 , i.e. they were obtained 
with the leading terms of ( |2.24| ) and (|2.25|) . 

At finite temperature and density, the propagators in the £ gauge, both for the 
massless gauge boson D^ u (p) and massless scalar boson D^(p) are: 



dUp) 

D«(p) 



-9i» + £ 

1 



VnVv 



p 2 + ie 



P 

- *r b (p) 



p 2 + ie 



iTb(p) 



(4. 1) 
(4.2) 



with Tb(p) defined by (|2.4j ). The contribution to the fermionic self-energy from the 
generic gauge boson diagram of Fig. (la) is: 



T?(K) = ig 2 C{R) J t^-A(p)YS(p + K)Y, 



(2*0 



(4.3) 



where S(p) is given by Q2.3|) . Inserting the expressions ( |2.3|) and ( |4.1|) into 

and keeping only the real part ReE'^if) of the temperature and chemical potential 

contribution to the fermionic self-energy E'^(if), it is possible to write: 



ReE*(K) = ReE'(K) + ReSE^(K), 



(4.4) 



where ReYl'(K) is the real part of the temperature and chemical potential con- 
tribution to the fermionic self-energy in the Feynman gauge, given by ( |2.18p , and 
Re6E^(K) is: 



ReS^(K) = Re5 b &(K) + ReS f ^(K), 



being 



Re6 b &{K) = ig 2 C(R) 



d 4 p 



■i>{i + ®t 



Up) 



and 



Re6 f ^(K) = -^g 2 C(R)J 



d 4 p 

W) 1 



fit 



p 2 (p + K) 2 



p 4 



(4.5) 



(4. 6) 



(4.7) 
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In the last relations, the denominators are defined by their principal value. We note 
that there is a principal- value singularity 1/p 2 in the longitudinal boson propagator. 
Its product with 5(p 2 ) is defined by S(p 2 )/p 2 — > 5'(p 2 ), where the prime denotes 
the derivative with respect to p\ j5|. Using this definition and following a similar 
procedure to one developed in section 2, the traces |Tr(^tRe<5£^) and ^Tr(^Re5S^) 
are calculated. With similar expressions to ( |2.10| ) and ( |2.11| ), the Lorentz-invariant 
functions in the £ gauge are given by 



cfi{u, k) 
tf(u,k) 



g 2 C(K)A^u,k,fi f ), 
g 2 C(R)B^u,k,fi f ), 



where 



(4 


8) 


(4 


9) 


(4- 


10) 


(4- 


11) 



A*(v,k,iM f ) = A (ou,k,iif)-ZA s (u,k,Hf), 
B^LU,k,fi f ) = B°{u,k,n f )-CB 5 (u,k,n f ), 

being A°(lu, k, y,f) and B°(lu, k, jjLf) the integrals in theFeynman gauge given by ( |2.24| ) 
and Q2.25| ). As it is shown in (|2.26|) and (|2.27|) , these integrals can be written 
as A°(u,k,fi f ) = A(u,k,fif) + A non ~ lead (Lu,k,fi f ) and B°(w,k,fi f ) = B(u,k,nj) + 
B non ~ lead (uj,k, fif), where A(u,k,fj,f) and B(uu,k, fif) are the leading terms in tem- 
perature and chemical potential of the integrals ( |2.26| ) and (|2.27|) . The non-leading 
terms A non - lead (lu , k,fi f ) and B non - lead (u,k } ^ f ) are: 



.4 



non-lead . 



U),k,fJLf) 



dp 

k 2 Jo An 2 






J 2 — k 2 + 2ujp P + oj + ijJ 2 — k 



-Log 



lu a 



Ak " p + LJ- 

iu 2 — k 2 — 2lup p — lu + lu 2 — k 2 



Loq — 

Ak H lu_ 



and 

rynon—leadi 



»,k,» t ) = ± i l 



Ak 



dp 

LU 2 -k 2 



-Log- 



p — LU. 



T UJ + 

— — Log — 

Ak lu- 



n b (p) 



^•-^.-w.^^w 



2k 



Ak 



(4. 12) 



P + LU+ Lu(LU 2 -k 2 ) LU + 

tt ( 2 P + w) Log— — Log — 

Ak p + lu- Ak lu- 

u 2 - k 2 P~u + uj{uj 2 - k 2 ) u + 
— — — (2p - lu) Log + Log — 

Ak p — lu- Ak lu- 



n b {p) 
nj(p) 



nt(p) 



(4. 13) 
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On the other hand, in the integrals ( |4.10| ) and ( ^4.11| ), the £ gauge dependent terms 
are given by A s (w, fc, ///) and B s (w, k,Hf). These integrals are: 



A s (w,k,fx f ) 



dp 1 

4^F 



J 1 — k 2 uj 2 — k 



2p 



^^e p / T n b (p)[l + 2-L 2 (p) 



UJ 



-{uR ( P )+pR + (p) 



uop \U) 



jT + (p)+pT-(p)) 



V-fc 2 
8k 



W* 



„2\2 



16kp 



- + -e p / T n B (p) 
p 1 



Ltip) 



n b (p) 



+ 



' uj 2 — k 2 + 2wp T p + oo + uj 2 — k 2 
—Log 



4k 



p + UJ. 



4k 



Log— n f (p) 



UJ 



2wp p — Uj 



4k 



-Log 



U! 



p — o;_ 



4A; 



Log—) n + f (p) 



(4. 14) 



and 
B s (w,k) 



dp 1 



^(cu 2 - k 2 ) u 2 -k 



2p 



+ 



,P/T 



2T 



n b (p) [uj + 2 



{uj 2 -k 2 ) T _ 



k 



L- 2 (p) 



- (ujR-(p)+pR + (p)) - (uj 2 - k 2 )p (ujT + (p)+pT- 



'uj(uj 2 - k 2 ) u(u 2 - k 2 ) 



2\2 



+ 



8k 
'u 2 -k 2 



I6kp 



- + \e vtT n h (p) 
p 1 



Ltip) 



n B (p) 



\ 4k 

u 2 -k 2 



(2p + uj) Log— Log — n } (p) 

p + u>_ 4k u>_ I J 



4k 



p — uj i uj(uj 2 — k 2 ) , u+ \ , , , 

(2p - uj) Log P - ± + ^-— LLog-± n+(p) 

p — uj- 4k u>- J J 



(4. 15) 



being the functions R (p) and T (p) defined by 

• 2 - k 2 ) 2 



R ± (p) 

tHp) 



W 



(u 2 - k 2 ) 



2\2 



(uj 2 - k 2 + 2ujp) 2 - 4k 2 p 2 (uj 2 - k 2 - 2ujp) 2 - 4k 2 p 2 



W 



± 



(uj 2 - k 2 ) 



(uj 2 - k 2 + 2up) 2 - 4k 2 p 2 (uj 2 - k 2 - 2ujp) 2 - 4k 2 p 2 
We have proved numerically and analitically, in the k — > limit, that: 



(4. 16) 



• (4- 17) 



A s (u,k,fjt f ) 

B 5 (uj,k,fx f ) 



A non - lead (uj,k^ f ), 
B non ~ lead (uj,k,fi f ). 



(4. 18) 
(4. 19) 
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The last fact means that substituting ( |2.26| ) and ( |2.27| ) in ( |4 . 1 0| ) and ( }4.11| ), we can 
write: 

A^u,k,fi f ) = A lead (uj,k^ f ) + (l-OA non - lead (uj,k^ f ), (4.20) 

&(u, k, fi f ) = B lead (u, k, n f ) + (1 - ®B nm - lead (u, k, Hf). (4. 21) 



In particulary, we have the Feynman gauge for £ = and the expressions fl2.26|) and 



( p.27| ) are obtained from the expressions ( |4.20| ) and ( |4.21| ). For the Landau gauge, 
£ = 1, we have: 

A* =1 (u},k,n f ) = A lead {u,k,n f ), (4. 22) 

B^ =1 {u,k,fi f ) = B lead {uj,k,fi f ). (4. 23) 

We observe that the analytical expressions for the FDR calculated in section 2 and 3 
are gauge invariant beacuse they were obtained beginning with the gauge independent 
integrals ( gig) and (|3~20|) . 



5 Conclusions 

We have obtained the FDR at finite temperature and non-vanishing chemical po- 
tential for the different fermion sectors of the MSM in the electroweak unbroken 
phase. The calculation was performed at one- loop order in the real time formalism 
of the thermal field theory in a general £ gauge. We have proven that the analitycal 
expressions obtained for the FDR are gauge independent, since we have made the 
calculation at leading order in temperature and chemical potential. The dispersion 
relations obtained depend of the chemical potentials associated to the different quark 
and lepton flavours. We have assumed that fif. ^ for all the f] quark and lepton 
flavours. In our calculation, the values of the differents ji^ are unknown. We argue 
that the chemical potentials due to the CP-asymmetric dense plasma, which is gen- 
erated by the CP-violation of the electroweak interaction through the CKM matrix. 
Since fif ^ means that it exists a difference between the number of fermions over 
anti-fermions in the thermal plasma, we think that this work can be interesting for 
baryogenesis. 
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